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DIFFERENTIAL CROSS SECTIONS OF THE
Be’(d,n)B!* REACTION

by

S. G. Buccino and A. B. Smith

ABSTRACT

Angular distributions of neutrons from the Be’(d,n)B*°
reaction were obtained at deuteron energies of 2.6, 3.0, 3.1,
3.2, and 7.0 MeV by means of pulsed-beam time-of-flight
techniques. Absolute measurements of the differential cross
sections led to the following states in B! at a deuteron en-
ergyof 7.0 MeV: g.s.,0.72,1.74, 2,15, 3.59,4.77,5.11 + 5.16,
5.90, 6.10, 6.35, 6.50, and 6.95 MeV. DWBA and Butler cal-
culations were used to extract £, values and spectroscopic
factors for many of the levels observed.

I. INTRODUCTION

In the course of a study of neutron-producing reactions’ induced by
deuterons, the reaction Be?(d,n)B'® was of particular interest. The high Q
value (+4.362 MeV) and the presence of several relatively intense neutron
groups’™® argued strongly for the use of this reaction as a neutron source
for transmission studies in the region of 6-11 MeV. An investigation of
this reaction might also lead to a better understanding of the structure of
the residual B!° nucleus. Several reactions have been used to study the
states in B!°, e.g., Li%a,vy)B!, Be’(d,n)B'’ and B!°(p,p')B!’, but the con-
clusions reached, particularly for states near an excitation energy of
5.1 MeV are not in a.greernent.3’4’6'7 In addition, previous work on the
Be’(d,n)B!° reaction has been largely confined to low bombarding energies
and often employed coarse resolution.

II. EXPERIMENTAL PROCEDURE
The low-energy measurements (deuteron energies between 2.6 and

3.2 MeV) were made with the 3-MeV Van de Graaff facility,® which can pro-
vide high-intensity (peak current =8 mA) beam bursts of ~l-ns duration.

The 7.0-MeV data was obtained with the use of the ANL tandem Van de Graff.

The latter is equipped with a pulsed-beam system’ based on a University of
Wisconsin design!® which delivers a l-ns beam burst with peak currents of
=25 uA.
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The targets consisted of thin (10-50 keV) films of beryllium metal
which had been evaporated onto a 10-mil platinum or tantalum backing.

The neutron detector consisted of a liquid organic scintillator
(NE 213), 5 cm thick by 20 cm in diameter, coupled to a 58-AVP photo-
multiplier. Signals from the photomultiplier were fed directly to a
CDC 160AM computer which performed a two-dimensional analysis of the
data, i.e., energy loss in the scintillator vs time of flight.

In order to obtain absolute cross sections, the target thickness and
neutron efficiency must be known. The former was obtained from a chem-
ical analysis of the targets after completion of the experiment. *

The efficiency of the detector for the 7.0-MeV measurements was
determined by means of the D(d,n)He® reaction. A cell containing deu-
terium gas was bombarded with 8.15- and 5.80-MeV deuterons, and the
emerging neutrons were observed at 10 angles
between 16 and 95°, a region where the angular
distribution is not changing violently with angle.
By use of the reported!? values of the differ-
ential cross sections at these energies, the
r ¢/"_¢__+‘_“¢—= measured collected charge, and gas pressure,
ety +/+ the absolute efficiency of the detector was ob-
E/ / tained. The calibration results are shown in

¢

Fig. 1 for two different bias levels. Estimated

errors are about 10-15%.

e Measurements for the Be?(d,n)B!° re-
ST T M action were made at 15 angles from 2.5 to 75°
HELIRONRIEN EROY MY and at flight paths of 7 to 15 m. Figure 2 shows

a representative time-of-flight spectrum at
Fig. 1. Absolute Efficiency Curve at Eg = 7.00 MeV, 6 = 15° and a flight path of
Two Different Energy Biases 14.7 m. This curve indicates the complex
structure observed when the bias level is low,
i.e., with good neutron sensitivity. Figure 3 illustrates the best available
resolution (~15 keV) at a deuteron energy of 2.6 MeV. The use of an n-7y
discrimination circuit helped considerably in reducing the y-ray background
in these studies.®

100
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® BIAS |
[ & BIAS 2
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cnl

IJ\II

ABSOLUTE EFFICIENCY, %
=}

1

112-5467

No attempt was made to determine the differential cross sections
at the four lowest energies--the main objective of these data was to deter-
mine the shape of the angular distributions for the 5.11- and 5.16-MeV
transitions, which could not be resolved at the highest energy, and to search
for the reported state of 5.18 MeV.%?

*We are indebted to R. Bane of the Chemistry Division, ANL, for
analyses of the targets.



rotalllinise sinsgno SLpiTE
“afedg MV A-82 % oy belguos 1%@

: L lsatil had syew 1etigiiivevolt
sl 1o ivglsic ianoiamarh- ol 5 barprolvey
YT 1o el Ev rotsiilssing

Bt sesmlyidi fogexr odl ancidoes seoin sluloads nlchde o
- maxands 8 avox) benkatdy ssw tsmol 9T L arwond ed YR FOHE
¥ aaemiivecre o) o moDelimos Iata Usyeld af) IS

giwr etasmiwtunas Ve-0.T st w0l 16199100 od? Yo yune i it
~peb gpinicinss ey A~ worioess “sHin.b)d e Yo amm"“!?ﬁg'
8if) bas  snoysiush VaM-08. 2 Bre <208 i bebraduwot] W

hslgwa 01 15 Sevasado svaw anatioen guiytasts

%’gm addl assihe norget & U2 Ling Al pesvelad

{ ditw ylinelolv gaignans Jor ai selibdiiinib =} »

C=4aldib oM Yo wnulsy Mhaitioged sl o ey v Ok

gd asigreans sesdf 2 saoitosd weniy falags E

speeeIq Bsag bas \eyieds balvsilon

o saw 1019818b i Yo vhneisiily s
ot swods sy eilowsy noilsye

= steosbie®  Glersi asid 3

+u% M{a 6)°6H Silf 1o Stmsns

X )
Y o 2.8 oxY anigne £ Abii g1 e . -
owolE S orwerd Uiy A et VN0 nitud 4 Iy 5 Dadee N FTASHD  SRTURN-
a1 0eq s ARG MY sviteinees vusgs

Ic diag 145 A Bk MY 2 6 Vg 0 EE e Wl e ioN senlostih
xlqgmas ot sxisaibind svrny 24T o T B siotd awtli oW
swol st foval said o) neili baviaeds sugisa
aldafievs jaad ad) sotaqd ;
¥ -&% a8 1o sud afT Vel 3

i inbe E dgaiuse booy s
oY etast k¥ Vel &=} molty
5

Daalail iUty acitaeireby :
892D o ands

PAnD

L3S IGms g oM

SRR Sfle-Ssignsne Jaswol tiah .
Vold- &1 & Baw' =11 2 st vo¥ snoiindnssip alirgng 3 16 oq OF ks 35

jada ads F
#33nan of bua ygvene Seedgid adi $s baviosss 5d 184 Llous doiche {:;; e
‘ ’ ; s ) v 8o iBng
PCVAMEBY. 858 3inta Barrogsy adk 'x:;"
S )
o snsll A of bhtdebe; E
Eing sy ady

.
20 JWA moiakvll yafsiosedd sdr d
B i W
*° Earvime




E",MGV o o o o o O 0 0 0 ooo
o " © o m ~N = 0 0 M~~~
BNoUso0 0 O 00 O 0D o 0o o m m m ¢ ¢ ¢ 0 00OON
@ - $0® & © O ¥ O © Mm OoOw Vv o o o o o o o o o oo E, Mev
m ¢ dET B W66 NN o oo @ 8¢ 82 8 3m”rR28a "
o o 000 ©o o oo o o o o oo o o L L < T 0O 0w o
DA aE P N e sl 0 N 0 W0l P e i (T P 0 7 L L
" < T T T 0 0 0o © ~ 0~ ® o0 -
| L L L L L B R L 8 8 R 88 828,
E . Mev 3 F__;ﬁ_ﬁ___r—?—‘\[:]\‘ n'
sy - 228281383 e
St e s 77 g 2.60 MeV
[0 (d,n) ¢'7 [ 1 = ] =
el e nsAso L= 7.00 Mev A L1 F
o gt Ho" = s peasln v 2 o
= SR = T B @ 2 . l'—’zl
A Y L RS A A . | £z
= l \ A0 o« w |o|-|oco|~ ] o e 1=
23 ! ].r| r‘ 7 & R ‘ o
S A0l ]~’ ! 1 l | - 5 o
LA wy ol UM
VY i Lo A 4 i Hi
e A e RN \ A A YA covesiand | ) Wil
Lo R e ” )
TR TSRS | R i gy S Y s gty P [ J e | AR B e MEEET L
0 40 80 120 160 200 240 280 o 40 80 120 160 200 240
CHANNEL NUMBER CHANNEL NUMBER
112-4835 112-4836
Fig. 2. Time-of-flight Spectrum Obtained at & = Fig. 3. Time-of-flight Spectrum Obtained at
8 ght Sp g ght Sp

groups corresponding to E

15°, Eq = 7.00 MeV, Flight Path = 14,7 m,
Repetition Period of 267 ns, and a Time
per Channel of 0.945 ns. Upper energy
scale corresponds to states in B~~ with

Ex < 7.0 MeV; lower scale to states in
B10 with Ex < 7.0 MeV.

6 = 10, Eq = 2.60 MeV, Flight Path =
18.6 m, Repetition Period of 300 ns, and
a Time per Channel of 1.39 ns. Upper
energy scale corresponds to states in B
with Ey < 4.7 MeV; the lower scale to
high-lying states (Ey < 4.7 MeV).

III. EXPERIMENTAL RESULTS

The angular distributions at E4
g

X

7.0 MeV for all resolved neutron

6.95 MeV are shown in Figs. 4-6. The abso-

lute uncertainty was judged to be +30%. The solid curves are the result of
a DWBA calculation'? with the indicated £, values and the following

potent

ials:
a) Neutron'
U(r) = Vi(r) - iWg(r);
fi)= [1+exp r;_R]-l; g(r)
R = 1o AY3 v
syl e 17 w
a
b

r-R
b

1

el

42.36 MeV;

1l

9.44 MeV;

0,55 F;

0.75 F;
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b) Deutron’®

U(r) = -(V+iW) £(r) + Vc(r);
V = 40.34 MeV; W = 6.58 MeV;
ro = 1.49 F; a = 0.63 F;

The ground-state distribution in Fig. 4 also shows the result of a Butler
calculation.’® A number of Butler calculations were made and resulted in
lp values identical to those obtained using the DWBA method. Table I
summarizes the excitation energies and /_ values obtained in the present
work together with some previously reported values.

TABLE I. Measured States in B!°

This Experiment Previous Workf

Ex (MeV)2 Lp Lo Ex (MeV) I
g.s. 1 Jjrt B gt
(572 1 1& 0.72 1t
1.74€ 1 12 1.74 ot
2.15¢ 1 i 2l 1t
3.59¢ 1 12:4 3.59 20
4.77b:€ (=2) 24 4.77 (2%)
5.11 + 0.02 0 (B 5.11 (27)
5.16 + 0.02 1 12 5.16 (2%
5.90 + 0.08€ (1) - 5.92% 2
6.10 + 0.08bsc (2) - 6.04% 4t
6.35 + 0.054 (0) - 6.12%%, 6.40%7
6.50 + 0.05 1 = 6.57%%
6.95 + 0.03 0 - 6.88, 6.97 il
7.50 + 0.05 - - 7.48 20075
7.60 + 0.05 - - 7.56 ot
(7.85 + 0.05) - - 7.78 2"
(8.07 + 0.05) = = - -
(8.12 + 0.05) - - 8.89 3=

2Assuming Be’(d,n)B'® ground-state (g.s.) Q-value is 4.362 MeV.
bAngular distribution anomalous at all incident energies.
CContaminated by 0'(d,n)F'? reaction.

dContaminated by O'®(d,n)F!"* reaction.

€The excitation energies of these levels were taken from Ref. 18.

fWhere not otherwise noted, reference is to Ref. 18.
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A comparison of the differential cross sections obtained at 7.0 MeV
with the DWBA calculations provided the spectroscopic factors listed in
Table II. This table gives both the absolute spectroscopic factors and values
relative to that of the ground-state transition. The previously reported quan-
tities are in reasonable agreement with those obtained in this experiment
except for the factor pertaining to the excitation of the 1.75-MeV state.?’!?

TABLE II. Spectroscopic Factors for the Be’(d,n) Reaction

Present Results (Eg = 7.0 MeV) Previous Work
Relative Relative
Absolute Relative Spectroscopic Spectroscopic
Spectroscopic Spectroscopic Factors, Ref. 17 Factors, Ref. 26
Level (MeV) Factors Factors Be’(He?,d)B!, E = 5.7 MeV Be’d,n)B!°, E = 2.8 MeV

2.9 0.49 1.0 1.0 150

0.72 I 12 2.3 2l 2,24

1.74 0.50 150 349 0.85

2.15 0.20 0.41 0.87 0.60

3359 0.22 0.45 - 0.32

4.77 0.21 0.43 = =

Gl 0.64 1.3 - -

5190 0.66 148 = =

6.35P (0.42), 0.25 (0.86), 0.51 - -

6595 0.90 1t

2Contains small (K5%) contribution from the 5.16-MeV level.

bvalues in parentheses assume J = 1; others are results assuming J = 2.
Table III lists the differential cross sections obtained at 7.0 MeV
for transitions leading to excited states in B'°.

TABLE III. Be(d,n) Lab. Differential Cross Sections 0(6) mb/SR
Eq = 7.00 MeV

O\E, State D72 1.74 02016 ¥BibD  ANHTETs, WL E5ul 6N 5.9 0%k 6.100  6.357 6.50 6.95
25 - - = - = = 915 & 5.68 - - -
Siq 2.58 2.70 - 0.83 = 3.30 90.0 38.8 = 25.8 1337 27.3
5 3.63 25151205 - 55 = o - - 19.8 = -

8 6.13 5.50 1.40 1.33 5.60 3.38 78.5 34.5 8.50 15.0 16.2 21.6
11 7.88 6,95 " 1'58 2.03 5:B0 " 3.18 56.8 36,5 11.6 7.43 14.4 16.9
16 Sra00A0.1 732,138 5533 =358 34.8 80:3- % 18:4 31950104 o3
20 10.25 11.0 1.90 2.33 4.68 2.05 18.9 24.8 12.8 2,15 10.2 3.05
25 8.88 9i501:65 2.38 4.03 2.40 5 13.8 - 10.7 1.15 8.70 1.80
30 8.25 ge2bal 0B 1780 3.50  1.83 7.48 12,5 8.65 1095 5.85 1.45
ah 5.50 5.63 0.60 1.53 2.90 2.40 5.98 8.25 6.48 0.50 4.80 0.90
40 3.50 3,50 0.38 1.00 . 2.38 2.18 6.48 7;00 56535 0.25 4.20 0.28
45 3.00 2,80 0:3300,75 2:25 2.10 5.98 5,25 403 - 2.70 -
51 2.00 1225 90°18, 0.90 WI1938= 2123 5.98 3507 4573 C () -
55 1.5D 1%00-"0.18" 0,93 ' 1,58 "1.83 3.48 178800 4018 - 1.20 -
60 1.25 1.38 0.28 0.88 1.60 - 3.38 = = 1.20 =
65 138 1.30 0.30 0.78° 1,70 - 1.50 = = 7 = -
70 1.88 L13 = 0.63 1.63 - 1508 = = 2 s =

*Contains some C'?(d,n)N",
**Contains unknown contribution from the 0'%(d,n)F!".

t Contains unknown contribution from the 0'(d,n)F!"*,
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nearly quantitative agreement with this experiment.

IV. DISCUSSION

B' lies near the midpoint of the lp-shell. Its structure is re-
markably well described by the intermediate coupling model of D. Kurath,?°
which predicts excitations and configurations for the first five states in

This model predicts

T = 1 states at ~1.7(0%) and ~5.1(2%) MeV. The former probably corre-
sponds to the observed 1.74 MeV state.

There has existed some confusion on the ~5.1-MeV state.

Three

levels in this region have been previously reported at 5.11, 5.16, and
5.18 MeV. This work indicates the presence of only the 5.11- and 5.16-MeV

states.

Butler fits to the angular distributions (Fig. 7) lead to the assign-

ments of £ = 0 and 4, = 1, respectively, for the 5.11- and 5.16-MeV tran-
sitions, in agreement with the results of Riley et a_l.3 The positive-parity
5.16-MeV level is probably the state predicted by Kurath. Warburton and
Chase?! have suggested that the reported 5.18-MeV state may belong to a

Impnln el
5 Be®(d, n) 8'°
BUTLER Mev
> FIT DATA LEVEL -
i AL LS R
@ o5 C 11l
& 5 ———— @ 5,16
z E, =3.1 Mev
= ;\ d
w \ r=5.5F
>4 +
5 \
T N £ = =
2] AT
2,50 \
\ 4
AT
)
| I et
0O 20 40 60 80 100 |20
6, LAB
112-5471
Fig. 7. Angular Distributions of

the 5.11- and 5.16-MeV
Levels in B10 at a Deu-
teron Energy of 3.1 MeV.
Solid and dotted lines are
the result of Butler plane-
wave calculations. The
data for the two levels are
drawn on different scales.

doubly excited configuration which should not be
excited by single-nucleon direct excitations, such
as the Be’(d,n)B!° reaction. Ferguson et al.,* how-
ever, report the level in their (d,n) studies. The
present experiments would indicate that the state,
if excited at all, would have a yield only 10% of
that from the 5.16-MeV state, which is itself quite
small. The observed 5.11-MeV state must have
A= e contradicting the results of
Li®(@,y)B!° studies” which suggest an assignment
of 2t or 4. The present results are, however,
compatible with the results of Refs. 3 and 9.

The observed level at 4.77 MeV is an enig-
ma. Kurath's model would require a two-neutron
excitation if this level is 1T as previously sug-
gested,?? an indication that this level is probably
not appreciably excited by one-particle stripping.
The present work indicates that ZP = 2, a result
which does not contradict a recent theoretical
estimate?? of 37,

A previously reported state at 5.58 MeV?#
was not observed. This may be partly due to the
presence of oxygen in the beryllium targets. The

reactions 0'¢(d,n)F!” and O'®(d,n)F'™ tend to confuse the observation of
states in BY® at excitation energies of 5.5 to 6.5 MeV.

The reported 5.9-MeV state in B!° was observed and qualitative angu-
lar distributions obtained despite the oxygen contamination. An observed

10
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intense neutron group was attributed to the excitation of a 6.10 + 0.08 MeV
state in B!°. This group was probably due to the composite excitation of
reported 6.05- and 6.16-MeV levels.*’?> Neutron groups corresponding to
states in B'® at 6.50 and 6.35 MeV were clearly observed. The latter is at
least partially due to the reaction O'®(d,n)F!™ and the former has been
previously reported.® A broad state ('~ 200 keV) was seen at 6.95 MeV,
probably corresponding to the known level in B'° at 7.00 MeV.?® Five addi-
tional states were observed, all with 13 > 7.0 MeV. None of these were
appreciably excited by the (d,n) reaction.

V. CONCLUSION

The results of the present work indicate that neutron yields from
the Beg(d,n)Bm reaction are in general sufficient for transmission studies
in the range from 6 to 11 MeV. The reaction can also be used as a conve-
nient calibration source to determine the absolute efficiency of time-of-
flight spectrometers. Subsequent work?? at this laboratory has indeed used
the reaction for this purpose with good results.
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